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Dry eye syndromeThe tear ﬂuid lipid layer is present at the outermost part of the tear ﬁlmwhich lines the ocular surface and func-
tions to maintain the corneal surface moist by retarding evaporation. Instability in the structure of the tear ﬂuid
lipid layer can cause an increased rate of evaporation and thus dry eye syndrome. Ectoine has been previously
shown to ﬂuidize lipid monolayers and alter the phase behavior. In the current study we have investigated the
effect of ectoine on the artiﬁcial tear ﬂuid lipid layer composed of binary and ternary lipidmixtures of dipalmitoyl
phosphatidylcholine (DPPC), cholesteryl esters and tri-acyl-glycerols. The focus of our study was mainly the
structural and the biophysical aspects of the artiﬁcial tear ﬂuid lipid layer using surface activity studies and topol-
ogy analysis. The presence of ectoine consistently causes an expansion of the pressure–area isotherm indicating
increased intermolecular spacing. The topology studies showed the formation of droplet-like structures due to
the addition of ectoine only when tri-acyl-glycerol is present in the mixture of DPPC and chol-palmitate, similar
to the natural meibomian lipids. Consequently, the hypothesis of an exclusion of tri/di-acyl-glycerol from the
meibomian lipid ﬁlm in the presence of ectoine in the subphase is conﬁrmed. A model describing the effect of
ectoine on meibomian lipid ﬁlms is further presented which may have an application for the use of ectoines in
eye drops as a treatment for the dry eye syndrome.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Tearﬂuid lipid layer is the outermost layer of the tearﬁlm that forms
the outer lining of the ocular surface [1]. It reduces the rate of evapora-
tion of the tear ﬂuid thus preventing drying of the corneal epithelium
[2]. Further, it is also involved in maintaining a clear optical surface [3]
and acting as a protective barrier against themicrobes and organic mat-
ter such as dust and pollen. As suggested by Holly [1] in 1973, the tear
ﬁlm is depicted as a two-layered structure: polar lipids forming the
lower sublayer and the nonpolar lipids forming the upper sublayer
that is in contact with the air. This proposition was further elaborated
by Shine and McCulley [4]. Each sublayer is assigned a speciﬁc role in
maintaining the structural integrity of the tear ﬂuid lipid layer. The
lower layer comprising the polar lipids acts as a surfactant and the
spreading of the tear ﬂuid lipid layer becomes thermodynamicallyistry, Westfälische Wilhelms
many. Tel.: +49 251 8333200;
Worcester Polytechnic Institutefavorable. The composition of the lower lipid layer was proposed to in-
clude polar lipids like the phosphatidylcholines, phosphatidylethanol-
amine, sphingomyelin (SM), ceramides and cerebrosides [5]. Recently,
another group of amphiphiles called (O-acyl)-ω-hydroxy fatty acids
has been found to play a major role in the polar lipid sublayer [6]. The
upper layer consists of the hydrophobic lipids which form a coating
and seal the underlying aqueous portion of the tear ﬂuid. This layer
hence plays a major role in preventing the evaporation of the tear
ﬂuid as lipid ﬁlms have low water vapor transmissivity, depending on
the thickness and the compositions. The tear ﬂuid lipid layer is believed
to consist majorly of lipids secreted by the meibomian gland. The most
commonly found classes of lipids in the meibomian glands have been
reported to be ubiquitousWEs and cholesteryl esters (CEs) [6–8]. How-
ever, the composition of the whole tear lipids has been found to be
different than the secretions of the meibomian gland. Primarily the dif-
ferences involve thehighermolar ratio of the lowmolecularweightwax
esters (WE)— type species in the humanmeibum [7–10]. Further, it has
been reported that themeibomian lipids have a lower acyl chain order-
ing thus leading to a lower melting temperature than the whole tear
lipids [11]. However, the whole tear samples showed the spectroscopic
signal of organic phosphate ester groups as found in phosphatidylcho-
lines and sphingomyelin [12,13]. Wollensak et al. characterized the
whole tear lipids and showed the WEs and the CEs accounting for 45%
of the total lipid weight. The free fatty acids (FFAs) and the tri-acyl-
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Fig. 1.Cyclic compression–expansion isotherms for (a) DPPC/CP (9:1) on PBS subphase, (b)DPPC/CP(9:1) on 100mMEctoine (c) DPPC/DPOG (9:1) on PBS subphase (d) DPPC/DPOG(9:1)
on 100 mM Ectoine (e) DPPC/CP/DPOG (8:1:1) on PBS subphase (f) DPPC/CP/DPOG (8:1:1) on 100 mM Ectoine. Black curve-ﬁrst cycle; red curve-second cycle; blue curve-third cycle. All
measurements were performed at 20 °C.
2717M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727glycerides (TAG) account for less than 15% each and the polar lipids
were reported to comprise 15% of the total weight [14]. Further, the
presence of polar lipids in the human tears has been shown by Fourier
transform infrared spectroscopy [13]. The composition of the tear ﬂuid
lipid layer has been established to play an essential role in maintaining
the structural integrity of the lipid layer and any alteration can lead to
several ocular disorders.
Dry eye syndrome or DES is the most commonly occurring ocular
disorder which is accompanied by drying of the ocular surface and the
inﬂammation of the corneal epithelium. It mainly causes premature
rupture of the tear ﬁlm thus leading to increased rate of evaporation
of the tear ﬂuid. An altered composition of the tear ﬂuid lipid layer
can lead to a structurally unstable ﬁlm thus leading to a dry eyesyndrome. McCulley et al. demonstrated that various forms of dry eye
can be caused by meibomian gland dysfunction (MGD) [15] whereby
a decreased lipid production or production of lipids with higher melt
temperature can cause inefﬁcient formation of the lipid layer and in-
creased rate of evaporation. The alteration in the lipid composition in
dry eye patients and healthy volunteers has been determined using var-
ious techniques. Recently, nuclear magnetic resonance studies have
shown the compositional difference between the MGD patients and
the normal individuals [16]. It was shown that the meibum obtained
from MGD patients had higher lipid order than the normal individual
meibum. A higher lipid order and phase transition temperature has
also been evidenced from IR studies with the samples of the meibum
from donors with meibomian gland dysfunction [17,18]. Additionally,
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Fig. 2. Cyclic compression–expansion isotherms for (a) DPPC/CP (7:3) on PBS subphase, (b) DPPC/CP (7:3) on 100 mM ectoine (c) DPPC/DPOG(7:3) on PBS subphase (d) DPPC/
DPOG (7:3) on 100 mM ectoine (e) DPPC/CP/DPOG (4:3:3) on PBS subphase (f) DPPC/CP/DPOG (4:3:3) on 100 mM ectoine. Black curve-ﬁrst cycle; red curve-second cycle; blue curve-
third cycle. All measurements were performed at 20 °C.
2718 M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727dry eye patients have been shown to have a decreased polar lipid to
neutral lipid ratio [19]. The increased ordering between the acyl chains
leads to an increased rigidity of the tear ﬂuid lipid layer. Further,
decreased polar to neutral lipid ratio might also lead to decreased sur-
factant efﬁciency for maintaining the structural integrity and an in-
creased rigidity. Hence, it is reasonable to assume that the tear ﬁlm
instability can be caused due to a rigidiﬁed lipid layer with the presence
of increased saturation levels of the lipids and decreased polar to neutral
lipid ratios. Therefore the soluteswhich are capable of inducingﬂuidiza-
tion of the lipid monolayers may prove to be a potential treatment for
the DES. Ectoine has been previously shown to ﬂuidize lipidmonolayers
in vitro and hence is one such candidate.
Ectoines are lowmolecularweight organic soluteswhich are synthe-
sized and secreted by the aerobic chemoheterotrophic and halophilic/
halotolerant bacteria against extreme stress conditions like highsalinity, high temperature and extreme dryness [20]. These solutes do
not interfere with the regular cellular metabolism even at high concen-
trations and hence the name ‘Compatible solutes’ [21]. Ectoine has been
previously shown to increase the spacing between the lipid headgroups
[22]. Themechanismbywhich ectoine is able to cause this is still elusive
however there are some simulation studies attempting to understand
this [23]. In this study we have studied the effect of ectoine on the bio-
physical and structural characteristics of the artiﬁcial tear ﬂuid lipid
layer composed of binary and ternarymixtures of dipalmitoyl phospha-
tidylcholine (DPPC), cholesterol ester and tri-acyl-glycerol. Although
themajor lipid phospholipids present in the tear ﬂuid lipid layer are un-
saturated, we have chosen DPPC due to its well-studied phase behavior
and cholesteryl palmitate and dipalmitoyl oleoyl glyceride due to their
comparable chain length to DPPC. The artiﬁcial system has been aimed
to be very simple to study the lipid–lipid interactions and does not
Fig. 3. Epi-ﬂuorescence images for artiﬁcial tear ﬂuid lipid layer composed of DPPC, CP and DPOG. The lipidmixtures were dopedwith 0.5mol% BODIPY-PCwhich preferentially partitions
into the liquid expanded (LE) phase. The images were taken by compressing and stopping the barrier at the desired surface pressure. All measurements were done at 20 °C. Scale bar is
50 μm.
2719M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727take into account the part played by proteins in the tear ﬂuid lipid layer.
The surface activity studies, the domain morphology and the topo-
graphical studies have been used to understand the inﬂuence of ectoine
and a hypothesis is proposed to explain the mechanism of action of
ectoine.
2. Materials and methods
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased
from the Avanti Polar Lipids Inc. (Alabaster, AL). Cholesteryl-3-palmitate
(CP) and 1,3-dipalmitoyl-2-oleoylglycerol (DPOG) was purchased from
Sigma-Aldrich (Steinheim, Germany). 2-(4, 4-diﬂuoro-5-methyl-4-bora-
3a, 4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoylsn-glycero-3-
phosphocholine (β-BODIPY®500/510C12-HPC, BODIPY-PC)was obtained
from Molecular Probes (Eugene, OR). Chloroform and methanol were
high pressure liquid chromatography grade and purchased from Sigma-
Aldrich (Steinheim, Germany) andMerck (Darmstadt, Germany), respec-
tively. Ectoine ((S)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic
acid) was provided by Bitop AG (Witten, Germany). Water was puriﬁedand deionized by a multi-cartridge system (Sartorius, Goettingen,
Germany) and had a resistivity of N18 M Ωm.
2.1. Surface pressure–area isotherms
All the ﬁlm balance experiments were performed on an analytical
Wilhelmy ﬁlm balance (Riegler and Kirstein, Mainz, Germany) with an
operational area of 144 cm2. All surface pressure measurements were
done on PBS at pH 7.4 as buffered subphase with and without ectoine
at 20 °C. The lipid mixture was consisted of DPPC, CP and dipalmitoyl
oleoyl glycerol at various compositions. These lipid mixtures dissolved
in chloroform/methanol solution (1:1, v/v) were spread onto the sub-
phase. After an equilibration time of 10–15 min the monolayers were
compressed at a rate of 2.9 cm2/min.
2.2. Video enhanced epi-ﬂuorescence microscopy
Domain structures of lipid mixtures were doped with 0.5 mol%
BODIPY-PC and visualized by means of an epi-ﬂuorescence microscope
(a) (b)
(c) (d)
w/o ectoine On 100 mM Ectoine
w/o ectoine On 100 mM Ectoine
Fig. 4. AFM topography scans for DPPC/CP (9:1) at surface pressures (a), (b) 6mN/m and (c), (d) 45 mN/m transferred from PBS buffer with andwithout ectoine. All measurements were
done at 20 °C.
2720 M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727(Olympus STM5-MJS, Olympus, Hamburg, Germany) equipped with
xy-stage and connected to a CCD camera (Hamamatsu, Herrsching,
Germany). The images were captured by stopping the barrier at de-
sired surface pressures.
2.3. Atomic force microscopy
Atomic force microscopy (AFM) images of the Langmuir–Blodgett
(LB) ﬁlmswere transferred ontomica sheets [24] under ambient condi-
tions (20 °C) and scanned using NanoWizard III (JPK Instruments,
Berlin, Germany). Silicon nitride tips (Budget Sensors, Soﬁa, Bulgaria)
with a spring constant of 40 N/m and a resonance frequency of 300 ±
100 kHz were used. In this study the intermittent-contact mode was
used. The images were obtained at 512 × 512 pixel resolution and ana-
lyzedwith JPK data processing software. The rigidity scanswere obtain-
ed using Quantitative mode imaging using the same cantilever used for
topography scanning.
3. Results
In this study, we used different combinations of the phospholipid
(DPPC), the cholesterol ester cholesterol-palmitate (CP) and the tri-
acyl-glycerol dipalmitoyl-oleoyl-glycerol (DPOG) to investigate the ef-
fect of ectoine on artiﬁcial tear ﬂuid lipid layer and its individual compo-
nents.We have used Langmuir ﬁlm balance to study the surface activity
of various lipid mixtures in the presence and absence of ectoine. The to-
pographical studies are performed using atomic force microscopy and
the height structures are analyzed to establish a model for the natural
tear ﬂuid lipid layer. Finally, comparing the data sets from natural andartiﬁcial meibomian lipid layer we present a model for the observed
effects of ectoine on the lipid ﬁlm.
3.1. Surface activity studies
As seen from Fig. 1 and 2, the isotherms of DPPC/CP (9:1), DPPC/CP
(7:3) and DPPC/DPOG (9:1) are quite similar to that of pure DPPC [25]
with the phase transition coexistence region at a surface pressure
of 4–7 mN/m. In the presence of 100 mM ectoine the isotherms are ex-
panded toward higher area per molecule values and the phase coexis-
tence region is decreased. This implies that the area occupied by the
lipid headgroups increases. The increased slope of the liquid condensed
region implies weakened interactions between the interfacial lipid
molecules. The continuous compression–expansion cycles do not
show signiﬁcant effects of ectoine on the hysteresis. The isotherm of
DPPC/DPOG (7:3) is drastically different from that of pure DPPC imply-
ing immense structural reorganization due to the addition of the given
concentration of non-polar lipid like tri-acyl-glycerol (Fig. 2). The
presence of ectoine in the subphase causes an expansion of the isotherm
toward higher area per molecule values as previously observed in
other lipid mixtures (Fig. 2 b, d, and f). The continuous compression–
expansion cycle shows the change in hysteresis of the lipid ﬁlm in the
presence of ectoine.
The isotherms of DPPC/CP/DPOG (8:1:1) are also similar to those of
pure DPPC with a phase transition region at around 5 mN/m (Fig. 1).
Similar to the previous isotherms, the effect of ectoine can be seen in
the expansion of the isotherm toward higher area per molecule values
and increased slope of the liquid compressed phase. The compression
re-expansion cycles do not show signiﬁcant changes in the hysteresis
w/o ectoine
(a)
100 mM Ectoine
(b)
w/o ectoine 
(c)
100 mM Ectoine
(d)
Fig. 5. AFM topography scans for DPPC/CP (7:3) at surface pressures (a), (b) 6 mN/m and (c), (d) 45 mN/m transferred from PBS subphase with and without ectoine. All measurements
were done at 20 °C.
2721M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727behavior due to the presence of ectoine. Similarly, the isotherms of
DPPC/CP/DPOG (4:3:3) lipid mixtures are expanded toward higher
area per molecule in the presence of 100 mM Ectoine (Fig. 2).
In the presence of ectoine the expansion of the isotherms toward
higher area per molecule values is observed consistently in various
lipid mixtures. This demonstrates that in all cases investigated the
area occupied by the lipid head groups increases in the presence of
ectoine. Similar effect of ectoine was observed with natural meibomian
lipids.
3.2. Epi-ﬂuorescence microscopy studies
The effect of ectoine on the properties of a lipidmonolayer like phase
separation and domainmorphologywas studied using epi-ﬂuorescence
microscopy. A lipid monolayer forms phase separated domains upon
compression depending on the surface pressure. The domain morphol-
ogy is studied using epi-ﬂuorescence microscopy by doping the lipid
monolayer with BODIPY-PC dye which is known to preferentially parti-
tion into the liquid expanded (LE) phase. Hence the liquid condensed
(LC) phase appears as dark domains.
The ﬂuorescence images for different lipid mixtures in the absence
and presence of ectoine are shown in Fig. 3. For the convenience of
the readers, only the data at 10 mN/m surface pressure are presented
here. For a DPPC/CP (7:3) mixture, the darker domains (or liquid
condensed phase) mainly appear as very ﬁne ﬁbrils which are visible
under close inspection. With the addition of ectoine, the size of the ﬁ-
brils increases and they become less dense. For DPPC/CP (7:3)mixtures,
the ﬁne ﬁbrils seem to be emanating out of the darker domains which
can be identiﬁed as the center of nucleation. In the presence of ectoine,
the darker domains are smaller in size and the size of the ﬁbrils in-
creases. Since the darker domains appear at higher concentration ofCP, we expect that these domains are mainly enriched in CP. A similar
effect of ectoine is observed for DPPC/DPOG mixtures. For DPPC/DPOG
(9:1) mixtures, we observe large domains of liquid condensed phase
which are reduced in size in the presence of ectoine. Also for DPPC/
DPOG (7:3) mixtures, the liquid condensed domains appearing at
10 mN/m surface pressure are reduced in size in the presence of
100 mM Ectoine. For the ternary mixtures, i.e. DPPC/CP/DPOG (8:1:1)
and DPPC/CP/DPOG (4:3:3), the size of the liquid condensed domains
decreases and consequently the density of the domains increases with
the addition of ectoine, which is consistent with the previously ob-
served lipid mixtures.
The equilibrium shapes and sizes of the isotropic co-existing liquid
phases in a monolayer have been rationalized using mainly two com-
peting factors-i) the line tension present between the adjacent domains
(λ) and ii) the difference in the dipole densities in these phases (μ)
[26–28]. Line tension arises due to the hydrophobic mismatch between
the coexisting phases hence it favors the formation of large circular do-
mains. The dipole density difference or the long range dipolar forces
favor the formation of small non-circular domains. These forces com-
pete with each other to assign the shape and size of the domains
based on the ratio λ/μ2 which is proportional to Req, the equilibrium ra-
dius. If the actual radius of the domains is smaller than Req the domains
formed are circular and in the case where it is greater than Req the do-
mains formed are non-circular and extended. With the increasing
surface pressure this ratio decreases thus forming large non-circular do-
mains. As we observed for various lipid mixtures, the domain size de-
creases with the addition of ectoine. Also, the domains appear more
circular which implies increased values of Req, which could be due to ei-
ther decreased μ or increased λ. The formation of small domains hints
toward the decreased value of μ, the dipole density difference. The di-
pole density difference is dependent upon many factors as mentioned
(a) (b)
(c) (d)
w/o ectoine On 100 mM Ectoine
w/o ectoine On 100 mM Ectoine
Fig. 6. AFM topography scans for DPPC/DPOG (9:1) at surface pressures (a), (b) 6 mN/m and (c), (d) 45 mN/m transferred from PBS buffer with and without ectoine. All measurements
were done at 20 °C.
2722 M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727earlier. One of the factors is the lipid packing density which is expected
to decrease with the addition of ectoine. We assume that this decrease
in the lipid packing density is responsible for the decrease in the dipole
density difference which consequently leads to the formation of smaller
domains. It is also possible that the presence of ectoine affects both the
line tension and the dipole density differences; however the effect on
the dipole density difference is more prominent.
3.3. Topographical studies
The structural organization of the different lipid molecules in the
lipid mixtures with and without ectoine was analyzed using atomic
force microscopy at different compressed states. The AFM scans for
DPPC/CP (9:1) on a PBS subphase at low pressure show the presence
of two phases with 0.36 ± 0.16 nm height difference (Fig. 4a). In the
presence of ectoine, the domain size decreases and three different
phases appear with 0.73 ± 0.23 nm height differences (Fig. 4b).
At high pressure, we observe arranged dotted structures which are
4.96± 0.33 nm in height (Fig. 4c). In the presence of ectoine, the dotted
structures (with height of 4.85 ± 0.5 nm) are smaller in size and more
dispersed, furthermore implying decreasing dipole density differences
between various phases (Fig. 4d). The simulation studies for PC/CE
(9:1) [29] as already mentioned in part A of this study (Dwivedi et al.
2014 in press) indicate that at low pressure the cholesterol ester
molecules are located between PC molecules and the ester bond is
directed toward the water phase. At higher pressure, the ester bond of
CE is ﬂipped upwards and the CE molecules are excluded from the
aqueous–polar lipids interface to organize into the air–polar lipid inter-
face. This is consistent with our observation in the AFM studieswhere at
lowpressure, phase separated domains of only 0.36±0.16 nm in height
are observed. However, at higher pressure, ﬂat 4.96 ± 0.33 nm highstructures are observed which could be cholesterol esters excluded
from the PC monolayer to form interdigitated stacks. The interdigitated
cholesterol esters would induce another phase in the interfacial PC
monolayer. This phase is also affected by the presence of ectoine. The
ratio of line tension and dipole density difference between the phases
are altered which could affect the domain size.
For DPPC/CP (7:3), theAFMscans at lowpressure show the presence
of ﬂat 4.47 ± 1.03 nm high structures which are larger in size than
previously observed with 10 mol% cholesterol esters (Fig. 5a). This
supports the previous assumption that the 4.96±0.33 nmheight struc-
tures observed consist mainly of cholesterol esters and probably con-
sists of interdigitated multilayer stacks. Increased concentration of
cholesterol esters perhaps causes their exclusion at lowpressures unlike
for 10mol% cholesterol esters. At high pressure, the AFM scans are in ac-
cordance with the epi-ﬂuorescence images wherein we observed liquid
condensed domains alongwith ﬁbrils emanating from the domains. The
AFM scans show 4.92 ± 0.33 nm height domain structures surrounded
by aligned dotted structures (Fig. 5c) which are thought to be distorted
ﬁbrils as seen in epi-ﬂuorescence images. In the presence of ectoine the
domains become more round and comparatively smaller (Fig. 5b, d).
This is similar to the previous observations of the epi-ﬂuorescence
microscopy studies, where decreased domain size was justiﬁed by an
increased λ/μ2 ratio. This again demonstrates decreased packing order
of the lipid molecules in the lipid ﬁlm due to the presence of ectoine.
The AFM scans for DPPC/DPOG (9:1)mixtures show 0.56± 0.07 nm
height phase domains at low pressure (Fig. 6a). It is rather difﬁcult to
predict the major content of the domains since the area per molecule
value is high and the aggregation of the DPOG molecules might not be
expected yet. At high pressure, highly compact phase domains are
observed with a height difference of 0.315 ± 0.06 nm (Fig. 6c). The
DPOG is expected to be enriched in the thicker domains since they
(a)
w/o ectoine
(b)
100 mM Ectoine
(c)
w/o ectoine (d) 100 mM Ectoine
Fig. 7. AFM topography scans for DPPC/DPOG (7:3) at surface pressures (a), (b) 6 mN/m and (c), (d) 45 mN/m transferred from PBS buffer with and without ectoine. All measurements
were done at 20 °C.
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low and high pressure, we observe a formation of droplet-like struc-
tures (Fig. 6b, d) similar to those observed with natural meibomian
lipids (Dwivedi et al. 2014 in press). The height of these droplet-like
structures ranged from 70 nm to 600 nm.
AFM scans for DPPC/DPOG (7:3) mixtures show approximately
1.5 ± 0.36 nm high phase separated domains (Fig. 7a). Due to the
high concentration of DPOG and hence the low solubility of DPOG
in DPPCmonolayer, it is possible, that the DPOGmolecules are excluded
from the DPPC monolayer to form these phase separated domains.
In the presence of ectoine, we consistently observe the formation of
droplet-like structures (Fig. 7b). At high surface pressure, AFM scans
for DPPC/DPOG (7:3) mixtures show compactly arranged domains
with height differences of about 0.34 ± 0.06 nm (Fig. 7c). Along with
these, we also ﬁnd 2–3 nm high structures in between the domains.
These structures are expected to be DPOG molecules aggregated due
to its low solubility in the DPPC monolayer. In the presence of ectoine,
again we ﬁnd the formation of droplet-like structures which are several
hundred nanometers in height (Fig. 7d). It is worth noticing that this
formation of droplet-like structures is not evidenced for DPPC/CP mix-
tures. This implies that the more hydrophobic components like DPOG
are mainly excluded from the DPPC monolayer in the presence of
ectoine thus forming droplets.
AFM scans for DPPC/CP/DPOG (8:1:1) show 0.6 ± 0.12 nm height
phase separated domains along with 5 nm high ﬂat structures at low
pressure (Fig. 8a). At high pressure, ﬂat 5.15 ± 0.17 nm high structures
appear to bemore deﬁned implying organizedmolecular arrangements
(Fig. 8c). These 5.15 ± 0.17 nm height structures are similar to those
previously observed in DPPC/CP mixtures and possibly are formed by
the intercalation of the CP molecules into the DPPC monolayer. This in-
tercalation of molecules can be expected to be a multilayered structure,
hence conferring a height of about 5 nm. In the presence of 100 mMectoine, we again observe the formation of droplet-like structures (Fig.
8b, d). As previously studied with different mixtures of DPPC, CP and
DPOG, we observed, that the more hydrophobic component is more
likely to be excluded from the DPPC monolayer. Hence we conclude
that the droplet-like structures mainly consist of the more hydrophobic
component which is DPOG in this case.
For the lipid mixture DPPC/CP/DPOG (4:3:3), AFM scans, at low
pressure, exhibit well organized branched domains with height up to
1.704 ± 0.2 nm (Fig. 9a). Along with those we can also observe around
high 0.5 nm phase separated domains. At high pressure we see ﬂat
5.25 ± 0.26 nm high structures as previously observed in DPPC/CP/
DPOG (8:1:1) (Fig. 9c). As discussed before, these structures are
thought to be CP molecules forming organized multilayered structures.
With the addition of ectoine, we observe the several hundred nanome-
ter high droplet-like structures distributed throughout at both low and
high pressure values (Fig. 9b, d). In addition, we also observe 5 nm
height structures.
To further understand the material property of the droplet-like
structures obtained in the presence of ectoine, rigidity scans were per-
formed. The force curves obtained using AFM can be used for calculating
the rigidity of the sample at speciﬁc points. Additionally, quantitative
imaging mode widens the scope by allowing force scan measurements
at all the points in the scan region. To analyze the material property
of the droplet-like structures obtained in the presence of ectoine,
we performed a rigidity scan measurement. The topology and the
corresponding rigidity scan for a droplet-like structure obtained in
DPPC/CP/DPOG (8:1:1) ﬁlm are presented in Fig. 10. The droplet-like
structure appears darker as compared to the surrounding scan region
implying its non-rigid nature. Hence, it consists of less rigid components
which are similar to the rigidity scans for the natural meibomian lipids
in the presence of ectoine (Part A of this study (Dwivedi et al. 2014 in
press)).
(a) (b)
(c) (d)
w/o ectoine On 100 mM Ectoine
w/o ectoine On 100 mM Ectoine
Fig. 8. AFM topography scans for DPPC/CP/DPOG (8:1:1) at surface pressures (a), (b) 6 mN/m and (c), (d) 45 mN/m transferred from PBS buffer with and without ectoine. All measure-
ments were done at 20 °C.
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In part A of this study (Dwivedi et al. 2014 in press), the effect of
ectoine was studied on the meibomian lipid layer using surface activity
and topographical studies. Further, the structural aspects of the tear
ﬂuid lipid layer comprising the meibomian lipids at different com-
pressed states were investigated. It was found that at low pressures
polymorphous structures appeared which increased in number on fur-
ther compression. These were hypothesized to be the hydrophobic
components of the meibomian lipid layer which were excluded from
the lipid ﬁlm on compression. Further, at higher compression states,
the lipid ﬁlm is reversibly folded out of the plane of the lipid layer and
the increase in surface pressure becomes gradual. In the presence
ectoine, the surface pressure–area isotherms exhibited an increased in-
termolecular distance thus inducing a ‘ﬂuidizing’ effect. The topograph-
ical studies showed the appearance of the droplet-like structures at all
compressed states. These drop-like structures were hypothesized to
comprise mainly the hydrophobic components which are excluded
out of the ﬁlm due to the increased intermolecular distance in the low-
ermost polar lipid layer and consequently decreased the hydrophobicity
of the ﬁlm.
To conﬁrm the hypothesis established in the part A of this paper
(Dwivedi et al. 2014 in press), with respect to the structural organiza-
tion of the tear ﬂuid lipid layer and the inﬂuence of ectoine on its differ-
ent components, artiﬁcial tear ﬂuid lipid layers consisting of binary and
ternary lipid mixtures were studied. The presence of ectoine in the sub-
phase consistently causes the surface pressure–area isotherm for the
different DPPC, CP and DPOG mixtures to expand to higher area per
molecule values, as previously observed with the natural meibomian
lipids. The epi-ﬂuorescence microscopy experiments with artiﬁcialtear ﬂuid lipid layers revealed that the size of the liquid condensed
domain decreases and that they becomemore circularwith the addition
of ectoine. This is in accordance with the surface activity studies
supporting the observation that the interfacial lipid packing order de-
creases in the presence of ectoine. Similarly, the topography scans for
DPPC/CP mixtures show a decreased domain size verifying a decreased
lipid packing order in concordance with the surface activity and epi-
ﬂuorescence microscopy studies. The topography scans of DPPC/CP
mixtures show 5 nm height ﬂat structures which are expected to be
the CP molecules interdigitated between the polar lipids. The height of
5 nm suggests that these structures may also be multi-stacked forming
ﬂat structures. The presence of ectoine in the subphase causes alteration
in domain morphology as mentioned earlier. However, the topography
scans for lipidmixtureswith DPOG consistently show the appearance of
droplet-like structures in the presence of ectoine. This proves that the
hydrophobic components like DPOG are preferentially excluded from
the lipid ﬁlm in the presence of ectoine (Fig. 11). Additionally the quan-
titative imaging has enabled us to distinguish thematerial properties of
these droplet-like structures from the surrounding scan region. It could
be shown that these droplet like structures indeed consisted of softer
non rigid components of the lipid layer.
Numerous studies have attempted to elucidate the structure of the
tear ﬂuid lipid layers using different techniques and reached a basic un-
derstanding that the ﬁlm is amultilayered structure. The polar lipids are
thought to form the surfactant layer and the cholesterol esters and the
other hydrophobic components are thought to form the upper layer act-
ing as evaporation deterrent. The important role of cholesterol esters in
deﬁning the structure of the tear ﬂuid lipid layer has been acknowl-
edged by many studies where the idea is based on the fact that choles-
terol esters have a tendency to form crystalline structures in a spread
(a) (b)
(c) (d)
w/o ectoine 100 mM Ectoine
w/o ectoine 100 mM Ectoine
Fig. 9. AFM topography scans for DPPC/CP/DPOG (4:3:3) at surface pressures (a), (b) 6 mN/m and (c), (d) 45 mN/m transferred from PBS buffer with and without ectoine. All measure-
ments were done at 20 °C.
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nature of the meibomian lipid ﬁlm as ﬁrst suggested by Holly [1] and
further elaborated by McCulley and Shine [4].
Based on our observations and the previous literature elucidating the
structural aspects of tearﬂuid lipid layer,we consider themodel shown in
Fig. 11 for understanding the inﬂuence of ectoine on the molecular orga-
nization of the tear ﬂuid lipid layer. The polar lipids, as previously
established, form the aqueous–lipid interfacial layer which is mainly re-
sponsible for the spreading properties of the lipid ﬁlm. The sterol esters
and structurally similar lipids interdigitate into the polar lipid layer with
the acyl chains facing to the air side thus forming multilayered stacks.
These multilayered stacks of neutral lipids form a hydrophobic platform
which accommodates the more hydrophobic components of the lipid
ﬁlm like tri-acyl-glycerides. These hydrophobic components thus formFig. 10. AFM scans of DPPC/ CP/DPOG (8:1:1) lipid ﬁlm in the presence of 100mM ectoine in th
The rigidity scan shows that the droplet-like structures appear darker as compared to the surrthe lipid–air interface and are crucial for decreasing the rate of evapora-
tion of the tear ﬂuid. A decrease in the polar lipids to neutral lipids ratio
causes condensation of the interfacial polar lipids thusmaking it compar-
atively rigid and hence more susceptible to rupture. It should be noted
that this is a very simplistic model which only aims at understanding
the lipid–lipid interaction and does not take into account the role played
by the proteins in maintaining the biophysical function of the lipid layer.
In the presence of ectoine, the interfacial polar lipid packing density
decreases, thus decreasing the rigidity of the ﬁlm. In the presence of
high concentration of ectoine (100mM), the decreased lipid packing den-
sity decreases the hydrophobic platform available to the hydrophobic
lipids. This consequently leads to the aggregation of the hydrophobic
components like tri-acyl-glycerides to form lipid droplets on the lipid
ﬁlm. It should be noted that the appearance of the droplet-like structurese subphase. (a) Topology scan (b) corresponding rigidity scan of the droplet-like structure.
ounding indicating its non-rigid nature. All measurements were performed at 20 °C.
2726 M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727is only observed at higher concentrations of ectoine whereas at lower
concentrations only the isotherms are shifted toward higher area per
molecule. This implies that formation of droplet-like structures is an
extreme effect of the ﬂuidization of the ﬁlm caused by ectoine. Hence,
in relevant doses, the ﬂuidizing effect of ectoine may have an application
in eye drops to prevent the dry eye syndrome.5. Conclusions
The presence of ectoine had been shown to cause an increased ﬂuid-
ization of the meibomian lipid ﬁlm. In the present study, the effect of
ectoine was studied on the artiﬁcial tear ﬂuid lipid layer using surfaceFig. 11. (a) Molecular model explaining the effect of high concentration ectoine on the tear ﬂui
the tear ﬂuid lipid layer.activity, domain morphology and atomic force microscopic studies. The
presence of ectoine consistently caused an increase in the pressure–area
isotherms implying increased ﬂuidity. The topology scans evidenced the
formation of droplet-like structures in the presence of ectoine only
when a nonpolar component (tri-acyl-glycerol in this case) was present
with DPPC and cholesteryl ester. This result was similar to that obtained
in the case of meibomian lipids. Hence, the hypothesis that these
droplet-like structures consists of the hydrophobic component of the
lipid ﬁlm was conﬁrmed. An inference based on these observations was
developed stating that the presence of ectoine in the subphase causes
an increase in the intermolecular spacing and hence decreased hydro-
phobicity of the ﬁlm. This consequently leads to the expulsion of the
hydrophobic component to from droplet-like structures. Further, thed lipid layer. (b) Macroscopic model explaining the effect of high concentration ectoine on
2727M. Dwivedi et al. / Biochimica et Biophysica Acta 1838 (2014) 2716–2727ﬂuidizing effect of ectoine has been suggested to be of application in the
treatment of the dry eye syndrome.
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